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concentration on microstmcture," /. Vac. Sci. Tech. B 22(1) pp. 1-5 (2004) and in 
SB. Herner et ai., "Low resistivity polycrystalline silicon deposition at low 
temperatures with Sm/BCh," Electrochemical and Solid State Letters 7, G108- 
Glll (2004). 

2. If 500 seem of SiRj and 0.5 to 22.4 seem of BCig are flowed in a conventional 
CVD furnace at deposition temperatures between 390 and 450°C, and at pressure 
of 70 Pascal (-525 mTorr), a silicon film will be produced having a concentration 
greater than about 4 x 10^' boron atoms/cm^ 

3. In general, as the boron concentration in silicon increases, the resistivity (or 
specific resistance in Noda et al., US Patent No. 6,905,963) decreases. However, 
as shown in Herner et al. (JVST B), when boron concentration exceeds 3 x 10^' 
boron atoms/cm^ resistivity of in situ boron-doped silicon begins to increase 
again. In table I of Herner et al (ESSL), the resisivity at various concentrations 
of boron in silicon are shown: 

2 X I0^%m^: 6260 \La cm (= 0.00626 £2 cm) 

7 X 10^°/cm^: 4320 ]iQ, cm (= 0.00432 Q cm) 

2 X lO^Vcm^: 3260 iia cm (- 0.00326 a cm) 
Noda et al. show the specific resistance (resistivity) of their boron-doped silicon 
films in Figure 9, with most films around -7.5 a cm. The resistivities shown in 
Fig, 9 indicate that the Noda et al. films have boron concentration either less than 
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1 X 10^°/cm^ or greater than 6 x 10^Vcm^ as extrapolated from Figure 3 of Hemer 
etal. (JVSTB paper) 

4. All statements made herein of my own knowledge are true, and all statements 
made on information and belief are believed to be true. Further, these statements 
axe made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code, and that such willful statements may jeopardize the validity 
of the application or any patent issuing tfierefrom. 
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EXHIBIT A 



Silicon deposition from BCi3/SiH4 mixtures: Bimct of very high boron 
concentration on microstructure 

S. B. Herner^^ 

Matrix Semiconductor, 3230 Scott Boulevard Santa Clara, California 95054 
M. H. Clark 

University of Florida, Gainesville, Florida 3261 1 

(Received 10 June 2003; accepted 13 October 2003; published 24 December 2003) 

The microstmctures of in situ boron-doped silicon films deposited by low-pressure chemical vapor 
deposition using SiH4 and BCI3 source gases on Si02 substrates have been characterized. 
As-deposited films have a decreasing sheet resistance with increasing boron concentration up to 
3.1±0.6X lO^^/cm"-', and are polyciystalline. As the boron concentration exceeds 3.1 ±0.6 
X lO^Vcm^, the sheet resistance increases dramatically. It is shown that as the boron concentration 
in the silicon film exceeds 3.1 ± 0.6X lO^Vcm^, the films transition from a completely 
poly crystalline phase to a combination of polycrystalline and amoiphous phases as deposited. The 
amorphous phase has a higher boron concentration than the polycrystalline phase, as shown by 
selective Auger electron spectroscopy and secondary ion mass spectrometry. The relative fraction of 
amorphous phase can be controlled by boron concentration. © 2004 American Vacinm Society. 
[DOI: 10.1116/1.1631292] 



I. INTRODUCTION 

Thin silicon films have many applications for integrated 
circuits: As a gate, line resistor, and local interconnect in 

complementary metal-oxide-semiconductor transistors; as a 
source, channel, or drain in thin film transistors.''^ Ion im- 
plantation is the preferred method to dope silicon films after 
deposition due its ability to be area selective (in conjunction 
with photolithography). There are applications in which it is 
economically or technically advantageous to dope the silicon 
during deposition. In situ doping removes the need fbr ion 
implantation, as well as the screen oxide deposition and etch 
often associated with ion implantation, thus eliminating 
costly steps from the wafer fabrication process. In situ dop- 
ing provides dopant concentration depth profiles with steep 
gradients beneath the silicon surface that cannot be achieved 
with ion implantation.^ Recently, the use of in situ doped 
silicon has been expanded by the development of memory 
devices that can be stacked on top of one another, extending 
device densities into three dimensions.'*'"'' 

Low-pressure chemical vapor deposition (LPCVD) is the 
preferred method for commercial deposition of silicon films 
due to its high thi'oughput, relatively simple equipment, and 
compatibility with other common silicon processes. A variety 
of gas sources have been used to achieve both p~ and /-/-type 
in situ doping for silicon LPCVD. The addition of the dopant 
gases to the silicon source gas has been observed to change 
the nature of the deposition. Specificany, the rate of deposi- 
tion, the uniformity of deposition across a wafer surface, 
nuclcation upon nonsilicon surfaces, such as Si02 , and fi- 
nally crystallinity of the deposited silicon film, can all be 
affected by the addition of dopant gases. Silicon films can be 
deposited in an amorphous or polyciystalline phase depend- 
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ing on deposition temperature, as well as other deposition 
conditions. Dopant gases such as diborane (B2H6) have been 
show^i to decrease the transition temperature of silicon films, 
the temperature at which the film goes from being deposited 
amorphous to being deposited polycrystalline.^'" In con- 
trast, very large incorporation of boron has been observed to 
cause silicon films to revert to being polycrystalline as de- 
posited with lower boron concentrations to partially amor- 
phous state as deposited. 

We characterize the deposition rate, sheet resistance, bo- 
ron incorporation, and crystallinity of silicon films doped in 
situ with boron trichloride (BCI3). At a deposition tempera- 
ture of 550*^0 and a pressure of 400 mTorr, thin films de- 
posited on Si02 with a boron concentration less than 6.0 
±1.2Xl0^^/cnr^ were amorphous. Films deposited on 8107 
with a boron concentration between 6.0 ± 1,2X 10^^/cm-' and 
3.1 ±0.6X 10^^/cm^ were entirely polycrystalline. Films de- 
posited on Si02 with boron concentrations greater than 3.1 
±0.6X lO^^^'cm-^ had both amorphous and polyciystalline 
phases. We propose a mechanism for the crystallinity of the 
silicon films deposited on Si02 with a boron concentration 
greater than 3.1 ± 0.6X lO^^^cnr' that is consistent with the 
observations. This model is based on a maximum concentra- 
tion of boron that can be incori^orated in the silicon grains 
and grain boundaries compared with amoiphous silicon. 



li. EXPERIMENTAL METHODS 

Silicon films w^ere deposited on 200 mm silicon wafers 
with 100 nm of thermally grown SiO?. The deposition tool 
was a vertical flirnace capable of holding 80 wafers with a 
pitch of 8.6 mm in a quartz boat. The boat was rotated, and 
a full load of vv'afers was maintained during each deposition. 
Good deposition uniformity was achieved by differential 

©2004 American Vacuum Society 1 
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Fig. 1. Boron SIMS concentration depth profile for a typical modulation- 
doped sample. The film was deposited at 400 mTorr, 550 °C, and gas flows 
were 500 seem SiH4 and 700 seem He, in addition to the 1 .5% BCI3 shown. 
Inset shows concentrations vs BCI3 flow for the same conditions. 

heating using five independently controlled heating element 
coils outside of the quartz pressure vessel. The deposition 
temperature was 550 °C, the pressure was 400 mTorr, and 
the gas flows consisted of 500 seem of SiH4 , 700 seem of 
helium (He), and various flows of 1.5% BCi3 (balance He). 
Helium was used to mix the two other gases and improve 
film thickness and sheet resistance (RJ uniformity. Thick- 
nesses of deposited films were measured by ellipsometiy on 
nine points on the wafer, cross-sectional scanning electron 
microscopy (SEM), or transmission electron microscopy 
(TEM). TEM was performed at an accelerating voltage of 
300 keV using both bright- and dark-field conditions. X-ray 
diffraction (XRD) spectra were collected by a Bragg- 
Brentano diffractometer using Cii Ka radiation and a dif- 
fracted beam monochromator. Sheet resivStance (R^) was 
measured using a four-point probe on 49 points on the as- 
deposited silicon films. Sheet resistance nonuniformity aver- 
aged 6% (3 sigma). Sheet resistance nonuniformity was bet- 
ter with the use of BCI3 compared to BjH^, as dopant gas 
source. Boron concentration depth profiles were measured 
by secondary ion mass spectrometry (SIMS) using a 3 keV 
O2 ion beam to detect ^^B, or by Auger electron spectros- 
copy (AES) microprobe using a beam energy of 20 keV, a 
current of 10 nA, and a tilt of 30° normal to the sample. The 
SIMS analysis area is a 75 jumX 75 /xm square in the middle 
of a 200 ^&mX200 ^am sputter crater. The SIMS extracted 
boron concentration is the average found in the 75 jmrn 
X 75 /.tm area. The eiTor in concentration for SIMS analysis 
is estimated to be ±20% of the total dose. The area of analy- 
sis for AES was 40 nm in diameter, with a sampling depth of 
7.5 nm within that area. The error in concentration for AES 
analysis was estimated to be 1 at. %. Boron concentrations 
were calibrated by implant standards of known dose and en- 
ergy. Sputter cleaning of silicon films for AES analysis was 
done in situ by 5 keV Ar^ at a incident angle 55"^ to sample 
normal, and a current of 1 ^A. 

The amount of boron incorporated into the silicon film 
was controlled by the flow of BCI3 gas. To establish how 
boron doping concentration varied with BCi3 flow, films of 
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Fig. 2. Average deposition rate of boron-doped silicon films on Si02 sub- 
strates as a function of 1.5% BCI3 flow. The films were deposited at 400 
mTorr, 550*'C, and gas flows of 500 seem SiH4 and 700 seem He, in 
addition to the 1 .5% BCI3 . 



silicon were deposited with BCI3 gas flows modulated during 
deposition to produce doping "spikes.'' Figure 1 shows a 
typical SIMS concentration depth profile of a BCI3 
modulation-doped film deposited on a Si02 substrate. During 
deposition, the gas flow of SiH4 was held constant, while 
flows of BC13 and He were varied to create the dopant 
spikes. For the first 40 min at"ter the wafer had stabilized at 
deposition temperature and pressure, only SiH.4 was flowed 
to deposit undoped Si. Dopant was then introduced by flow- 
ing BCI3 and 700 seem of He. Undoped silicon 100 nm thick 
was deposited in between the dopant spikes by interrupting 
the flow of BCI3 and He. This process was repeated several 
times with different flows of BCI3 to provide the final 
modulation-doped film. The same technique was repeated for 
different BCI3 flows to build a database of boron concentra- 
tions for given BCI3 flows. The data are summarized in the 
inset in Fig. 1 . 

Hi, RESULTS 

A. Deposition rate 

The deposition rates for —200 nm thick films as a func- 
tion of BCI3 flow on silicon dioxide substrates {constant 
flows of SiH4 and He) was measured (Fig. 2). The deposition 
raite is the calculated average for the 200 nm thick film. With 
low flows of BCI3 , the deposition rate curve is similar to 
those produced by SiH4/B2H6 and Si2H5/B2H5 source 
gases: The deposition rate increases with increasing flow of 
dopant gas flows until a maxima is reached.^''^'^^ This obser- 
vation indicates that the accelerated deposition rate is depen- 
dent on the concentration of boron and not on the particular 
boron source gas. 

B. X-ray diffraction 

Undoped silicon films deposited by SiH4 gas source on 
Si02 substrates at low pressure have been found to be amor- 
phous or mostly amorphous at deposition temperatures of 
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Fig. 3. Sheet resistance vs. boron concentration for ~-200nm Si films de- 
posited on oxide substrates. The films were deposited at 400 mTorr, 550 °C, 
and gas flows were 500 seem SiH4 and 700 seem He. The flow of 1.5% 
BCI3 was adjusted for each film to produce the doping concentration shown. 

550 ""C and lessJ'^^ Incorporation of a significant amount of 
boron induces polycry'stalline deposition instead of amor- 
phous at deposition temperatures of 550 °C and below. ^^'^'^ 
The crystallinity of 200 nm thick BCI3 -doped siUcon films 
deposited at 550 with various boron concentrations was 
examined by XRD (Fig. 3). A trend of increasing crystalhn- 
ity is observed with increasing boron concentration. How- 
ever, the film with a boron concentration 8.3 ±1.6 
X lO-^'cm^ did not exhibit pronounced XRD peaks. The ab- 
sence of diffraction peaks does not necessarily imply that the 
films are completely amorphous, as will be shown in the 
TEM results. 

C. Sheet resistance 

The sheet resistance of '--200 nm thick silicon films de- 
posited on oxide substrates with various boron concentra- 
tions deposited at 550 °C and 400 mTorr on oxide substrates 
was measured (Fig. 4). While the decrease in with in- 
creasing boron concentration up to 3.1 ± 0.6 X 10"^./ cm"^ is ex- 
pected, the sharp increase in for boron concentrations in 




DEGREES TWO THETA 
(111) (220) (311) 



Fig. 4. XRD spectra of boron-doped silicon films as deposited on oxide 
substrates. The films were deposited at 400 mTorr, 550^^0, and gas flows 
were 500 seem SiH4 and 700 seem He. The flow of 1 .5% BCl^ was adjusted 
for each film to produce the doping concentration shown in (sample with 
highest concentration had a range of boron concentrations depending on the 
depth in the film; the average concentration is shown). 




Fig. 5. Cross-sectional TEM image (dark field) of silicon films deposited on 
oxide for 40 min at 400 mTorr, 550 '^C, and gas flows of 500 seem SiH4, 
700 seem He, and BCI3 flows to produce average doping concentration (a) 
5.0± l.OX lO^Vcni^ and (b) 8.2± I.6X \if ''/cm\ 

excess of 3 .1 ± 0.6X lO'^'/cm^ is not intuitively expected. 
Similar sheet resistance phenomena in heavily boron-doped 
silicon films deposited by SiH4/B2H5 in an ultrahigh 
vacuum chemical vapor deposition chamber (~1 mTorr) at 
550 was observed by Lin et al}^ 

D. Transmission electron microscopy 

The morphology of ver>' highly doped films was exam.- 
ined in TEM. Cross-sectional images of ^ 200 nm thick sili- 
con films deposited on Si02 with a boron concentrations in 
excess of 3.1 ±0,6X lO^Vcm'^ had amorphous and polycrys- 
tailine components [Figs. 5(a) and 5(b)]. The inverted pyra- 
mid shapes were determined by electron selected area dif- 
fraction to be silicon grains, and the smooth film that 
surrounds them was amorphous. The images show the fi*ac- 
tion of the film that is amorphous increases with increasing 
boron concentrations in excess of 3.1 ±0.6X lO^Vcm^ [Fig. 
5(b)]. The amorphous silicon is 136 nm thick and has a 
smooth surface, while the top of the silicon grains are ap- 
proximately 200 nm above the oxide substrate and have 
rougher surfaces. The deposition time for the sample shown 
in Fig. 5(b) was 40 min, and so the deposition rate for the 
amorphous component is 3.4 nm/min. The silicon grains coa- 
lesce with longer deposition times. When the same condi- 
tions were used to deposit a film for 80 min, the surface of 
the film was continuous poiysilicon (Fig. 6), while the amor- 
phous phase was beneath the poiysilicon surface. 







/ / / 




SiOo c-Si a-Si 





Fig. 6. Cross-sectional lEM image (dark field) of silicon film deposited on 
oxide for 80 min at 400 mTorr, 550 °C, with gas flows of 500 seem SiH4, 
700 seem He, and BCI3 flow to dope the film to an average concentration of 
8.l± 1.6X lO^^/cm'. 
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Fig. 7. SEM image (a) and AES spectra (b) of the surface of a boron-doped 
silicon film deposited for 40 min while iilovving 180 seem of 1.5% BClj. 
The extracted boron concentration of the amorphous area marked by a 1 " 
in the SEM image is \2± 1 at, % (6.6+ 0. 6 X lO^'/cnr'^), and the poIycr>'s- 
talhne area marked by a "2" in the SEM image is 8± 1 at. % (4.4±0,6 
xlO^^/cm^). 



E. Secondary ion mass spectrometry and Auger 

electron spectroscopy 

The surface of the sample in Fig. 5{b) was examined more 
closely by AES microprobe. A scanning electron microscope 
integrated with the AES microprobe shows the regions of 
analysis in Fig. 7(a). Figure 7(b) shows the amorphous siH- 
con region (smooth) had a measui*ed boron concentration of 
12± 1 at. % (6.6±0.6X lO^Vcm^), while the crystalline sili- 
con region (rough) had a measured boron concentration of 
8±iat.% (4.4±0.6XiO^^'cm-^) and have a lower boron 
concentration. The silicon grains are growing more rapidly 
and have a lower boron concentration than the am.oiphous 
silicon. The silicon grains are not only growing more rapidly 
than the amoiphous silicon. While the image was sufficient 
to distinguish the smooth amoiphous regions from the 
rougher poly crystal line regions, grain boundaries could not 
easily be distinguished in the SEM image used to select the 
region from which to collect the AES spectra. As a result, 
AES information collected from the polycrystailine region 
included both grains and grain boundaries. As grain bound- 
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Fig. 8. SIMS spectra of the silicon film deposited on oxide for 40 min at 400 
mTorr, 550 °C, with gas flows of 500 seem SiH4, 700 seem He, and 380 
seem 1.5% BCI3. 



aries can accommodate larger concentrations of dopant than 
grains, even larger lateral boron concentration gradients may 
exist in the polycrystailine analysis region. 

Confirmation that boron concentration changes with crys- 
tallinity of the film is provided by concentration depth profile 
analysis analysis of the sample shown in Fig. 5(b). The boron 
concentration depth profile changes from 7. 8 ±1.6 
X lO^Vcm^ at the surface, which is about half amorphous 
and half polycrystailine as shown by the TEM image, to 
9.3 ± 1.9X lO'^V'cni^ near the oxide surface where the film is 
almost completely amorphous (Fig. 8). The polycrystailine 
phase, which is predominant at the surface of the film, has a 
low^er boron incoiporation relative to the amoiphous phase, 
which is dominant near the oxide interface. The SIMS and 
AES measures of boron concentrations in the polycrystailine 
versus amorphous silicon phases are in general agreement. 

IV. DISCUSSION 

From the data, it is evident that w^hen the boron reaches a 
critical concentration during silicon deposition, lateral phase 
separation into amorphous and polycrystailine components 
occurs. The silicon grains share a similar inverted pyramid 
shape and protrude above the amorphous silicon matrix. The 
grains nucleate on what appear to be point sources on the 
oxide substrate, and then grow upward and outward with 
continued deposition. Protrusion of the silicon grains above 
the amorphous matrix is caused by a faster vertical growth 
rate for the grains relative to the amoiphous phase. The in- 
verted pyramid shape of the grains implies a lateral growth 
of the grains that is also faster than the vertical growth rate of 
the amorphous film. 

The increasing amorphous fraction of the film with in- 
creasing boron concentrattion accounts for the increase in 
sheet resistance (Fig. 3) and the decrease in XRD intensity 
(Fig. 4) when boron concentration exceeds 3X10-'/cm'^. 
The density of grain nucleation sites decreases as boron con- 
centration exceeds 3X 10""/cm-' as shown by the TEM im- 
ages. The AES-measured boron concentration of 4.4 ±0.6 
X lO^'/cm*^ for the silicon grains approximately coincides 
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with the boron concentration (3.1±0.6X lO^'/cm^) at the R, 
minimum shown in Fig. 3, showing that as the boron con- 
centration exceeds 3 - 4X l^y"^/cm^ a portion of the film is 
deposited amorphous. The amorphous phase not only has a 
higher boron concentration than the polycry stall ine phase as 
shown by the AES and SIMS measurements (Figs. 7 and 8), 
but the boron concentration continues to increase in the 
amorphous phase with increasing BCI3 flows, while the bo- 
ron concentration polycrystalline phase does not change as 
the BCi3 flow is increased. 

V. CONCLUSION 

A deposition mechanism for the films deposited on oxide 
consistent with all the empirical observations is now pre- 
sented. As the boron incorporation exceeds 3.1 ±0.6 
X lO^Vcm^ on Si02 , silicon and boron deposition can no 
longer organize into coherent grains and the film is amor- 
phous. Very highly boron-doped silicon films are largely 
amorphous at the beginning of deposition, but contain crystal 
nuclei. The silicon grains grow via a different catalysis, with 
a lower boron concentration and a higher growth rate than 
the sun'ounding amorphous silicon. Polycrystalline silicon 
can incorporate a maximum boron concentration of 3 - 4 
XlO^Vcm^ (8 at. %) on Si02 for the deposition conditions 
examined in this article. The density of silicon grains is in- 
versely proportional to the amount of BCI3 flowed during 
film deposition. The fast growth rate of the silicon grains 
relative to the amorphous silicon causes the eventual coales- 
cence of the grains with longer deposition times. Even for 



films deposited with very large boron concentrations, which 
are initially mostly amorphous, with continued deposition 
the grains will coalesce and result in fully polycrystalline 
film surfaces. As the grains grow together the film has a 
unifoiiiily lower boron concentration than if it is growing 
with a combination of amorphous and poiycr>'stalline 
regions. 
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The deposition of polycrystalline silicon films on Si02 substrates by SiH4/BCl3 gases has been characterized. Films were 
deposited at temperatures as low as 460*^C with an as-deposited resistivity of 3560 ± 130 jxH cm with good step coverage in 
oxide trenches. The extracted activation energy for silicon deposition was 0.6 eV for temperatures between 490 and 580^C and 
boron concentration of 2.0 ± 0.4 X 10"'/cm\ compared with 0.2 eV for p^ silicon deposition by SiH4/B2H6 for similar condi- 
tions. Silicon films deposited by SiH4/BC]3 are polycrystalline with low resistivities as-deposited at 460'''C, whereas films 
deposited by SiH4 /BoH^ are amorphous at deposition temperatures <520°C. 
© 2004 The Electrochemical Society. [DOI: 10.1149/1.1691531] All rights reserved. 
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Heavily doped silicon films have many applications for inte- 
grated circuits (ICs): as gates, line resistors, and local interconnects 
in complementary metal oxide semiconductor (CMOS) transistors, 
and as sources, channels, and drains in thin film transistors.^'" By 
doping the silicon film in situ, the need for ion implantation and 
associated process steps is minimized. Silicon films can be deposited 
as amorphous, single crystal, or polyciystailine (polysilicon). When 
in situ doped films are deposited amorphous, they must be annealed 
at temperatin es in excess of 550°C to crystallize the film, to activate 
the dopant(s), and obtain a low resistivity film. However, this el- 
evated anneal temperature makes film fomiation incompatible for 
many temperature-sensitive IC applications. Such applications in- 
clude polysilicon-based thin film transistors for liquid ciystal dis- 
plays, where the devices are deposited on glass substrate/ A wider 
range of glass substrates becomes available with decreased process 
temperature, and if decreased enough, enables polysilicon deposi- 
tion on plastic substrates,"^ The recent development of polysilicon- 
based devices that can be stacked on top of one another has in- 
creased the desire for iow-temperature deposition. ^'^ Polysilicon 
deposition temperature of less than 475^C is one enabling factor for 
the use of low resistivity aluminum intercomiects between the poly- 
silicon devices, instead of more thenmliy stable but higher resistiv- 
ity materials like TiSi2 or tungsten.' The ability to deposit doped 
polysilicon films at low temperamres with a low resistivity as de- 
posited is therefore desirable. 

Typically, polysilicon films are deposited at temperaatres in ex- 
cess of 500°C to maintain high deposition rates and therefore high 
wafer throughput. However, p-type dopant gases have been shown 
to increase the deposition rates of silicon compared to undoped or 
n-type dopant gases,^'^ In situ p^-doped polysilicon can be depos- 
ited with various source gases. The most widely used p-type doping 
source for silicon is diborane, B2H5. Diborane and silane gases 
can deposit silicon films with boron dopant concentrations greater 
than 1 X 10^' B/cm~\ with low, as-deposited resistivities reported at 
deposition temperatures of 520^C.^^^ However, at deposition tem- 
peratures less than 520°C, p"*" silicon films deposited with 
SiH4 /B2H5 gases are amorphous as-deposited, and require a second, 
higher temperaaire anneal (>550°C) to transform them into low 
resistivit\' states. A second drawback of B2H5 as a p-t\'pe source gas 
is the nononifonnity of the boron distribution across wafers in batch 
furnaces at deposition temperatures that produce polycrystalline sili- 
con. Low-pressure chemical vapor deposition (LPCVD) of silicon is 
typically done in large batch-type furnaces that hold 50 or more 
wafers to achieve high per wafer througliput and low cost. The bo- 
ron concentration has been shown to vary from 1 X lO^Vcm^ to 
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greater than 6 X lO'Vcnr^ for a 65 wafer (150 mm diam) batch in a 
horizontal fiirnace deposited with and SiH4 / B2H5 gases at a tem- 
perature of 550°C.'" This nonuniformity is not acceptable for large 
volume production. The nonimifon-nity of the dopant distribution 
can be reduced by using disilane (Si2H5) gas with B2H6 and reduc- 
ing the deposition temperature to 350^C: boron concentration non- 
imifonnity of 10% was achieved for a 100 wafer (150 mm) batch. ^" 
However, at a deposition temperature of 350°C, films deposited with 
Si2H6/B2H^^ were amorphous as-deposited, and required post depo- 
sition anneal at 600°C to obtain low resistivity. Disilane (Si2H5) is 
also more expensive than silane. 

We have characterized the properties of p"^ silicon films depos- 
ited using SiH4./BCl3 source gases. Of particular interest is the abil- 
ity to deposit doped crystalline silicon films on large wafer batches 
at temperamres as low as 460°C with reasonable deposition rates 
and low resistivity as-deposited. The deposition rate, boron concen- 
tration, sheet resistance variance with deposition temperature, and 
step coverage in trench structures are described, with emphasis on 
iow-temperature properties. 

Experimeetal 

Silicon films were deposited on 200 mm silicon wafers with iOO 
nm of thermally grown Si02 . The deposition tool was a vertical 

furnace capable of holding 80 wafers with a pitch of 8.6 mm in a 
quartz boat. The boat was rotated and a full load of wafers was 
maintained during each deposition. Deposition uniformity was 
achieved by using five independently controlled heating element 
coils outside of the quartz pressure vessel and by using multiple gas 
injectors. Thickness was measured by ellipsometry on five points on 
the wafer. Sheet resistance (Rs) was measured using a four point 
probe on 49 points on the as-deposited films. Boron concentration 
depth profiles were measured by secondary ion mass spectrometr\' 
(SIMS) using a 3 keV ion beam to sputter. The error in concen- 
tration for SIMS analysis was estimated to be ±20% of the total 
dose. Step coverage of p^ polysilicon films was evaluated on wafers 
with various trench widths etched into 1 iim thick oxide films. The 
aspect ratio of the trenches varied from 2.9 to 5.0. 

To establish how the doping concentration varies with tempera- 
ture, a single film of silicon was deposited w-ith temperature and gas 
flows modulated during deposition to produce doping ''spikes." The 
film was deposited at a pressure of 400 mTorr and an initial tem- 
perature of 580" C, and the gas fiows were 500 seem SiH4 , 700 seem 
He, and 10 seem of L5% BCI3 (bal He). Helium was used to mix 
the reactive gases and improve film thickness and sheet resistance 
(Rs) uniformity. After deposition of the initial boron-doped "spike" 
at 580°C, 1 ,5% BCI3 and He gas flows were discontinued in order to 
deposit undoped silicon. After depositing approximately 150 nm of 
undoped silicon, the flow of SiH4 was then discontinued, halting 
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Figure 1. Boron SIMS concentration depth profile for a typical temperature 
modulation-doped polysilicon film. The film was deposited at 400 mTorr and 

gas flows of 500 seem SiH4, 10 seem 1.5% BCI3 (bal. He), and 700 seem 
He. The deposition temperature of each "spike" and the boron concentration 
(B/cm^) is noted in the graph. 
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Figure 2. Steady-state deposition rates (after incubation time) of p^ poiy- 
silicon films with various concentrations of boron. Films were deposited on 
Si02 substrates at 400 mTorr, with 500 seem SiH4 and 700 seem He. The 
flow of 1 .5% BCI3 (bah He) was varied with each deposition. 



deposition, and the flow of He restarted to maintain pressure at 400 
mTorr. The temperature was then reduced to 550°C and the wafers 
were allowed to equilibrate at the new temperature for 60 min in the 
He ambient. Silane and boron trichloride gas flows were restarted 
after temperature equilibration at 550°C to produce a second boron- 
doped "spike," followed again by undoped silicon deposition. The 
entire process was repeated at temperatures of 520 and 490°C. In 
this way the concentration of boron was detei-mined with different 
deposition temperatures for the same gas flows in one film. The 
same technique was repeated for different flows of 1.5% BCI3 at 
deposition temperatures between 460 and 580°C to build a library of 
boron concentrations with !.5% BCI3 gas flows at different deposi- 
tion temperatures. 



at 450-525°C and 350-410 mTorr pressure. Doping velocity, which 
is defined as the product of the deposition rate and boron incorpo- 
ration, is plotted for the SiH4/BCl3 depositions in Fig. 3. The dop- 
ing velocity remains relatively constant through the temperature re- 
gime, suggesting that the rate limiting step for the reaction is gas 
diffusion in the furnace in the range 460- 5 80° C. In contrast, depo- 
sition by SiH4 /B2H5 was shown to be diffusion-limited at tempera- 
tures above 500^C, and surface reaction rate-limited at temperaaires 
less than 500° C, as indicated by a change in doping velocity at that 
temperature.*^ For SiH4/B2H6, improved boron concentration uni- 
formity of silicon films across a batch of wafers was achieved by 



Results and Discussion 

Figure 1 shows the boron SIMS concentration depth profile for a 
spike film on an oxide wafer. The concentration of boron in the 
silicon films increased as temperature is decreased. We believe that 
the decreasing boron concentration is due to enhanced desorption of 
boron or boron species from the surface. A similar effect has been 
found in in sitii phosphorus-doped silicon deposition. The steady- 
state deposition rates of several p ^ polysilicon films with different 
doping concentrations at different temperativres are shown in Fig. 2, 
and are compared with the undoped silicon deposition rate. Similar 
to B2H6 , the addition of BCi3 dopant gas increases the deposition 
rate relative to undoped silicon. At a flow of 500 seem SiH4 , a 
pressure of 400 mTorr, and a deposition temperature of <520^C, the 
deposition rate of undoped silicon is low enough to make undoped 
silicon deposition economically unfeasible for thick films. However, 
deposition rates of 1-2 nm/min at a temperature of 460°C for boron- 
doped silicon films are still practical for manufacmring purposes. 

The activation energies for silicon deposition are showii in Fig. 
2, Activation energies of 0.6-0.9 eV for polysiiicon deposition by 
SiH4/BCl3 at temperatures between 490 and 580°C were extracted, 
with the value dependent on doping concentration (lower energy for 
higher concentrations). The decreasing activation energy suggests 
that higher flows of BCI3 facilitates the adsorption of SiH4 onto the 
wafer surface. ^■'^ In comparison, a value of 0.2 eV was extracted for 
amorphous p^ silicon film deposition using SiH4/B2H5, deposited 
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Figure 3. Doping velocity for one mixture of SiH4 /BCI3 . The film was 
deposited at 400 mTorr and gas flows of 500 seem SiH4 , 10 seem 1.5% BCI3 
(baL He), and 700 seem He. 
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Figure 4. Weak beam, dark field TEM micrographs of 200 nni thick p *' 
polysilicon films. Films were deposited on Si02. substrates at 400 mTorr, 
with 500 seem SiH4 , and 700 seem He. The flow of 1 .5% BCI3 {bal He) was 
controlled to produce doping concentrations of (a) 2 ± 0.4 X 10^" B/cm-^, 
and (b) 2 ± 0.4 X 10^' B/cm^ 



reducing the deposition temperature to less than SOiTC. The im- 
proved uniformity was attributed to the change to surface reaction 
limited regime from difflision limited. At temperatures greater than 
500°C, the fast reaction of SiH4 + ^j^^ caused B2H5 to be de- 
pleted with increasing distance from the injector, resulting in boron 
concentration nonuniformity across a batch of wafers. Although 
SiH4/BC]3 deposition is diffusion-Hmited tbr the range 460-580°C, 
the higher activation energy and slower reaction rate prevents BCI3 
from being depleted within the diffusion length of the furnace. And, 
critically, silicon deposited by SiH4/BCl3 remains poly crystal line 
with low resistivity for a deposition temperature of 460°C, where 
SiH4/B2H6 deposits amorphous silicon for temperatures <520"C. 

Good dopant distribution inside a vertical batch furnace using 
SiH4 and BC1-, source gases enabled 60 silicon wafers (200 mm) per 
deposition at 460°C with a within-wafer (wafer-to-wafer) thickness 
nonunifomiity of 2.6% (3.1%) la, and a sheet resistance within- 
wafer nonuniformity of 2.8%o (16.1%) Icr as-deposited. The grain 
size of polysilicon films deposited by SiH4 /BCI3 is characterized to 
compare to films deposited by SiH4/B2HA. Using the line-intercept 
technique on transmission electron micrographs (Fig. 4) of films 
deposited from SiFf4/BCl3, the gram size for the 2 X IQ-^/cnr 
(2 X 10^\/cm'') doped film is estimated to be 52 nm (53 nm), with 
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Figure 5. As-deposited sheet resistances of 200 nm thick p^ polysilicon 
films deposited at varying deposition temperatures. Sheet resistance was 
measured by 4 point probe on 49 points on each wafer. Films were deposited 
on Si02 substrates at 400 mTorr, with 500 seem SiH4 , and 700 seem He. The 
flow of 1 .5% BCI3 (bal. He) was varied with each deposition. 



a one sigma variation of 21 nm (25 nm). These grain sizes are 
similar for polysilicon films deposited with SiH4/B2H6 at 600°C 
with similar boron concentrations.'" 

The films deposited for this study have the expected decrease in 
sheet resistance with increasing boron concentrations (Fig. 5). It has 
been shown previously that increasing boron concentrations above 
2.0 X 10^ '/cm'^ will not necessarily result in a decreasing resistivity 
of the as-deposited films due to amorphous phase formation. A 
similar phenomenon has been found in polysilicon films deposited at 
very low pressures (1 mTorr) using SiH4 /B2H6 . ' Hence, we have 
limited the boron concentrations in this study to 2 X 10-^^cm^ or 
less. We extracted resistivities of 3220 to 3560 fiO cm for the films 
with the highest boron concentration (2.0 ± 0.4 X lO^^'cnr') at 
deposition temperatures 460-5 80°C, This range of resistivities does 
not reflect a consistent trend with temperature. Table I shows the 
theoretical resistivities of single crystalline silicon compared with 
that measured in the p"*" polysilicon films deposited at 520°C in this 
study for equivalent carrier and doping concentrations, 
respectively.^^ The as-deposited resistivities are far higher than theo- 
retically predicted. This higher resistivity is due to a small fraction 
of the dopant is being active, and a relatively low charge carrier 
mobility caused by grain boundaries and other crystal defects that 
are scattering centers.''^ 

Despite rough film surfaces, the step coverage on wafers with 
topography was excellent, with substantially the same thickness film 
on trench sidewalls as on the horizontal surface for the 460°C depo- 



Table I. Resistivities of single crystal silicon compared with p"^ 
polysilicon films in this study. Polysilicon films were deposited at 



Resistivity 
(calculated, 
cm) for single 
crystal Si with carrier 
concentration 



Resistivity (measured, 
{jlO cm) for p " 
polysihcon with 
metallurgical 
concentration 



2 X lO^O/cm^ 
7 X 10""^/ cm-^ 
2 X lO^Vcm^ 



600 
170 
100 



6260 
4320 
3260 
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Figure 6. Step coverage of polysiiicon film in 3.7:1 aspect ratio trench as 
shown by cross-sectioiiai SEM micrograph. Fiim was deposited at 460°C, 
400 mTorr with doping concentration 2.0 ± 0.4 X 10^' B/cnr'. 



sition temperature with 2.0 ± 0.4 X Kf-'lcvc? boron doping (Fig. 
6). These partially filled trenches show that the film has nucleated 
evenly on the sidewalls through the depth of the trench. Even 
smaller width trenches with higher aspect ratios were completed 
filled by the film deposition. This highly doped film has been used to 
fill similar trenches to make vertical interconnects between verti- 
cally stacked polysiiicon devices.^ The films deposited with lower 
concentrations of boron and at higher deposition temperatures had 
similar step coverage in trenches (not shown). 

Conclusion 

Highly p"^ -doped polysiiicon films can be deposited at tempera- 
tures as low as 460°C with good thickness and doping uniformity 



for a 60 wafer load in a vertical batch fiimace with low resistivities 
as-deposited. The activation energy for deposition using SiH4/BCl3 
was found to be 0.6 and 0.9 eV for boron doping concentrations 
2.0 ± 0.4 and 0.2 ± 0.04 X 10-^^c^r, respectively, in the tempera- 
ture range 490 to 580°C. Step coverage of the p^ polysiiicon films 
in oxide trenches remained excellent at low temperature. 
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